We have developed a new type of a thin-film electroluminescence (TFEL) device with nanostructured (NS)-ZnS:Mn utilizing its enhanced luminescent efficiency due to the quantum confinement (QC) effects. As NS-ZnS:Mn, ZnS:Mn/Si 3 N 4 multilayers with thicknesses of 1.9-3.5 nm for ZnS were prepared by a rf-magnetron sputtering method. From the results of grazing incidence X-ray reflectometry and X-ray diffractmetry, formation of ZnS:Mn nanocrystals in the ZnS layers are confirmed. With a decrease in the ZnS:Mn layer thickness, the photoluminescence (PL) efficiency associated with the Mn 2+ transitions is increased, and the PL excitation spectrum is shifted toward higher energies, indicating appearance of the QC effects. As the results of the application of NS-ZnS:Mn to the emission layer of the TFEL device, we have successfully observed reddish-orange emission above the threshold voltage of 12 V 0-p , and the maximum luminance is 3.0 cd/m 2 operated with the 1-kHz sinusoidal voltage of 20 V 0-p .
INTRODUCTION
Luminescence properties of nanostructured (NS-) semiconductors such as nanometer-size multilayers or nanocrystals have been studied extensively in the last two decades, since they exhibit characteristics different from bulk semiconductors due to the quantum confinement (QC) effects [1] . The research interest on the QC effects on the luminescent properties has been extended from the interband transitions to the radiative transitions related to the transition metals or rare-earth elements doped in the NS-semiconductors. In particular, high photoluminescence (PL) efficiencies of Mn 2+ 4 T 1 ( 4 G)- 6 A 1 ( 6 S) transitions demonstrated in chemically-synthesized NS-ZnS:Mn has stimulated both basic research and application fields [2] , because ZnS:Mn has been widely used as an emission layer of thin-film electroluminescence (TFEL) devices for about 30 years [3] . Many studies have been already reported about the QC effects on the PL properties of NS-ZnS doped with Mn [4] , Cu [5, 6] , and Eu [6] . Moreover, some research groups have observed the EL from NS-ZnS:Cu [7, 8] , whereas, to our knowledge, there has been no report on EL from NS-ZnS:Mn.
In this article, we propose a novel NS-ZnS:Mn system, i.e., a multilayer with ZnS:Mn nanocrystals sandwiched by amorphous Si 3 N 4 [9] . The Si 3 N 4 layer is expected to act as a role in intercepting the crystal growth of ZnS:Mn, so that the resulting ZnS:Mn layer should contain ZnS:Mn nanocrystals. First, we report structural and PL properties of NS-ZnS:Mn with a stress on the influence of the crystal size as well as the lattice constant of ZnS on the PL properties, then describe the developed low-voltage-driven TFEL device with the NS-ZnS:Mn emission layer.
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EXPERIMENTAL DETAILS
The ZnS:Mn/Si 3 N 4 multilayers were prepared on quartz substrates or indium tin oxide (ITO) coated glass substrates with a multi-target rf (13.56 MHz)-magnetron sputtering system (Shimadzu HSR-552S). A mixture of ZnS and Mn powder was used as the ZnS:Mn target, and the Mn concentration was 1.0 mol%. The deposition was done in Ar atmosphere with a pressure of 10 mTorr, and the substrate temperature was 250°C. The ZnS:Mn/Si 3 N 4 multilayer of 30 periods was formed by alternative deposition of ZnS:Mn and Si 3 N 4 layers. For the EL device, Al back contacts with an area of 0.075 cm 2 were finally deposited by a vacuum evaporation technique. As a reference sample as bulk ZnS, we also deposited a 500-nm thick ZnS:Mn film with the identical deposition conditions with those for NS-ZnS:Mn mentioned above, and fabricated a conventional TFEL device consisting of the 500-nm thick ZnS:Mn emission layer sandwiched by 150-nm thick Si 3 N 4 insulating layers.
Grazing incidence X-ray reflectivity (GIXR) and wide-angle X-ray diffraction (XRD) measurements with Rigaku RINT 2200 were utilized to characterize the multilayer structure and NS-ZnS:Mn crystallinity, respectively. Microscopic structural image was obtained by a transmission electron microscope (TEM, JEOL JEM 2000EX). The PL and PL excitation (PLE) spectra were measured with a conventional setup composed of a cooled GaAs(Cs) photomultiplier tube, a 20-cm monochromator, a current amplifier and a lock-in amplifier. A 325-nm line of He-Cd laser was used as the excitation light source for the emission spectrum and Xe lamp coupled with another monochromator was used for the PLE measurement. Luminance and EL spectra were measured for the EL devices driven by an ac sinusoidal voltage with a frequency of 1 kHz. All measurements were carried out at room temperature.
DISCUSSION
Figure 1(a) shows a cross-sectional view of typical NS-ZnS:Mn taken by the TEM. In Figure 1 (a), light-gray parts corresponding to the Si 3 N 4 layers and dark-gray parts corresponding to the ZnS:Mn layers are alternatively observed on the quartz substrate. The thicknesses of a ZnS:Mn layer, d ZnS , and a Si 3 N 4 layer, d SiN , are directly estimated to be 1.7 nm and 0.6 nm, respectively. The thicknesses are also estimated from the GIXR spectra shown in Figure 1 (b). In Figure 1 (b), the GIXR spectra are plotted as a function of the deposition time of the ZnS:Mn layer. Except for the bottom spectrum with the shortest deposition time, the first and second diffraction peaks are clearly observed in the GIXR spectra. Alternatively, no diffraction peak is observed in the bottom spectrum, indicating mixing in the ZnS and Si 3 N 4 layers. Employing the diffraction peak angles, the thickness of the ZnS:Mn/Si 3 N 4 bilayer, d ZnS + d SiN , is evaluated from the Bragg law with a wavelength of X-ray radiation of 0.154 nm [10] . Applying d SiN = 0.6 nm, d ZnS is estimated as shown in Figure 1(c) . The thickness of a ZnS:Mn layer is linear to the deposition time. From the XRD measurements, the diffraction peaks are observed at the diffraction peak angle, 2θ = ~29° corresponding to (111) β-ZnS [11] , showing the presence of ZnS nanocrystals in the deposited ZnS:Mn layers. With a decrease in d ZnS from 3.5 nm to 1.9 nm, the linewidth of the diffraction peak is monotonously increased, giving a decrease in the crystal size with the decreased d ZnS . The estimated crystal sizes using Sherrer's formula are Figure 1(b) , spectra are shown with logarithmic offset to clarify. slightly less than d ZnS . Additionally, at d ZnS < 2.8 nm, the diffraction peak angle tends to increase from 28.54° observed in the XRD patterns of bulk crystal ZnS, indicating a reduction of the lattice constant of ZnS, a ZnS , for the ZnS nanocrystals in comparison with a ZnS for bulk crystal ZnS.
nm) (a), GIXR spectra as a function of deposition time of ZnS:Mn layers (b), and ZnS:Mn layer thicknesses deduced from diffraction peaks in GIXR spectra plotted against deposition time of ZnS:Mn layer (c). In
In Figure 2 , the PL and PLE spectra of NS-ZnS:Mn are displayed with those of bulk ZnS:Mn. The PLE spectra were detected at around the emission peak wavelengths of 610 nm for NS-ZnS:Mn and 585 nm for bulk ZnS:Mn, respectively. From the results of extra measurements (not shown here) on changes in the PL spectral lineshape associated with the measurement temperature, the excitation intensity, and the Mn-doping concentration as well as the temporal changes in the spectral lineshape, we have found the PL spectra consisting of two or three components, and assigned to their origins as follows.
The PL spectrum of bulk ZnS:Mn shown in Figure 2 (b) is decomposed into two spectral components centered at 588 nm and 710 nm, respectively. The 588-nm band is assigned to the well-known Mn 2+ 4 T 1 ( 4 G)-6 A 1 ( 6 S) transitions [12] . Alternatively, the 720-nm emission band is likely to be attributed to Mn-Mn pairs, of which luminescence have been found as PL, EL and cathodoluminescence spectra from highly Mn-doped bulk ZnS [13] [14] [15] .
The PL spectrum of NS-ZnS:Mn shown in Figure 2 (a) is decomposed into three components with the peak wavelengths of 520 nm, 610 nm and 700 nm, respectively. The emission centered at 520 nm with fast decay less than microseconds would be assigned to the recombination through defects located at the ZnS:Mn/Si 3 N 4 interface, and must not be related to Mn ion. The emission centered at 700 nm would be assigned to the same origin with that of the emission band observed at 720 nm in bulk ZnS:Mn as mentioned above. The Mn 2+ 4 T 1 ( 4 G)-6 A 1 ( 6 S) transitions
Figure 2. Typical PL and PLE spectra of NS-ZnS:Mn (a), those of bulk ZnS:Mn (b), and PL efficiencies and PLE peak shifts, ∆E PLE , of NS-ZnS:Mn plotted against thicknesses of ZnS:Mn layers (c). PL spectra shown in Figure 2(a) and (b) are decomposed into three and two spectral components shown by solid lines, respectively.
would be responsible for the emission centered at 610 nm. However, in comparison with the Mn 2+ transitions in bulk ZnS:Mn found at 588 nm, the Mn 2+ emission peaks observed in NSZnS:Mn is shifted to lower photon energies, because the Mn luminescent center is strongly influenced by the surrounding ligand field, therefore, the emission peak energy tends to be decreased with a decrease in the lattice constant of ZnS [16] . As we have already described in the results of the XRD measurement, the lattice constant of NS-ZnS is smaller than that of bulk ZnS, so that the ligand field parameter Dq of NS-ZnS should be larger than that of bulk ZnS. Consequently, the red shift in the emission due to the Mn 2+ 4 T 1 ( 4 G)-6 A 1 ( 6 S) transitions appears to be the result of the change in the ligand field induced by the decreased lattice constant of ZnS in NS-ZnS.
In the PLE spectrum of bulk ZnS:Mn shown in Figure 2 (b), a sharp peak is observed at 346 nm (3.58 eV), which would correspond to the band gap of β-ZnS [17] . In contrast, two spectral features in the PLE spectra of NS-ZnS:Mn were observed at shorter wavelengths. The shoulder in Figure 2 (b) would be assigned to the band gap of ZnS nanocrystals in NS-ZnS:Mn. Therefore, the band gap energy is increased in comparison with bulk ZnS:Mn, indicating appearance of the QC effects in the ZnS:Mn nanocrystals. In Figure 2 Figure 2(c) is the PL efficiencies plotted against d ZnS . The PL efficiency, which is deduced from the PL intensity over the optical absorption measured at the excitation wavelength (325 nm) of the sample, is also increased with a decrease in d ZnS . The similar tendency between the PL efficiency and ∆E PLE against d ZnS implies that the increase in the PL intensity would be also due to the QC effects as reported in the chemically-synthesized NSZnS:Mn [2] . Furthermore, the PL intensity of NS-ZnS:Mn with the 30 periods of the ZnS:Mn layer (d ZnS = 1.7 nm) is 2-3 times larger than that of bulk-like ZnS:Mn of which thickness is 51 nm (= 1.7 nm x 30).
Also shown in
Utilizing the increased luminescence efficiency due to the QC effects, we have fabricated the TFEL device with NS-ZnS:Mn (d ZnS = 2.5 nm) as the emission layer, and successfully observed light emission from the NS-ZnS:Mn TFEL device. The luminance-voltage (L-V) characteristics of the NS-ZnS:Mn TFEL device and its structure are shown in Figure 3 . Above the threshold voltage of 12 V 0-p , the luminance curve rises steeply. We have achieved the maximum luminance of 3.0 cd/m 2 operated at 20 V 0-p . Also shown in Figure 3 is the L-V characteristics of a typical conventional double-insulating TFEL device. A marked reduction in the threshold voltage of the NS-ZnS:Mn TFEL device is clearly observed. Figure 4 shows the EL spectrum of NS-ZnS:Mn. The EL spectrum has a peak at 626 nm and a shoulder at 700 nm. In spite of little differences in the peak wavelengths between the EL spectrum and the PL spectrum shown in Figure 2(a) , the two EL components observed at 626 nm and 700 nm would also correspond to the Mn 2+ 4 T 1 ( 4 G)-6 A 1 ( 6 S) transitions and luminescence due to Mn-Mn pair, respectively, as assigned in the PL spectrum. In addition, the decay time of the integrated EL intensity is found to be on the order of milliseconds. These result imply that the Mn 2+ 4 T 1 ( 4 G)-6 A 1 ( 6 S) related transitions dominate the EL emission as like the EL emission in the conventional TFEL devices. The emission color of the NS-ZnS:Mn TFEL device is reddish-orange corresponding to (0.59, 0.37) in the CIE color chart.
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Finally, we have performed a tiny aging test for the luminance of the NS-ZnS:Mn EL device by 4-hours operation kept at 15 V 0-p with a 5-kHz sinusoidal voltage. First, the luminance was rapidly degraded to 70% of the initial luminance, while the luminance was almost stabilized after the elapsed time of 30 min until that of 4 hours.
CONCLUSIONS
We have studied structural and PL properties of NS-ZnS:Mn in order to apply it to the TFEL device as an emission layer. As NS-ZnS:Mn, we fabricated the ZnS:Mn/Si 3 N 4 multilayer alternatively deposited by a conventional rf-magnetron sputtering method. From the result of the TEM and GIXR measurements, the thickness of the deposited layers are found to be in good agreement with the designed thickness in accordance with the deposition time. The XRD study reveals presence of ZnS nanocrystals and the reduction of the lattice constant of ZnS in NSZnS:Mn, which is responsible for the red shift in the 610-nm emission band originated from the Mn 2+ 4 T 1 ( 4 G)-6 A 1 ( 6 S) transitions. The band gap widening and the increased emission intensity of the Mn 2+ emission are found, implying appearance of the quantum confinement effects in NSZnS:Mn. Finally, we have developed the NS-ZnS:Mn TFEL device showing a reddish-orange broad band emission centered at 626 nm above the threshold voltage of 12 V 0-p . The maximum luminance of 3.0 cd/m 2 has been achieved with a 1-kHz sinusoidal voltage of at 20 V 0-p .
